for patients with high-grade dysplasia, most strategies have not been effective ( 9 ) . Photodynamic therapy can ablate high-grade dysplasia and substantially decrease the incidence of adenocarcinoma, but it is expensive and associated with adverse reactions, including prolonged photosensitivity, chest pain, and esophageal stricture ( 9 ) . Hence, there is an urgent need for newer agents and/or methods to decrease the risk of progression from dysplasia to this deadly cancer.
Several epidemiologic studies ( 10 -13 ) have found that, among patients at risk for esophageal cancer, treatment with aspirin and other nonsteroidal anti-infl ammatory drugs (NSAIDs) is associated with a decreased risk of esophageal cancer. One potential mechanism for chemoprevention is inhibition of cyclooxygenase (COX), an enzyme that is crucial to the synthesis of prostaglandins (PGs) from arachidonic acid ( 14 ) . Esophageal tumorigenesis has been associated with overexpression of the inducible COX isoform COX-2 ( 15 ) . Treatment with a COX-2 inhibitor led to a reduction in esophageal adenocarcinomas in an animal model of Barrett's esophagus ( 16 ) . We report the results of Chemoprevention for Barrett's Esophagus Trial (CBET), a phase IIb randomized, parallel treatment, placebo-controlled, double-masked multicenter trial evaluating the long-term administration of celecoxib, a selective COX-2 inhibitor, in Barrett's esophagus patients with lowor high-grade dysplasia.
Patients and Methods

Study Population
Patients with established diagnoses of Barrett's esophagus and dysplasia and with specific information on the location (level) of the highest grade of dysplasia from a biopsy examination were eligible for this study. Other requirements included age of 18 years or older, an Eastern Cooperative Oncology Group performance status of less than 2, a serum creatinine level of 1.5 times or less the upper limit of normal, a serum glutamic-oxaloacetic transaminase/serum glutamate pyruvate transaminase of less than 1.5 times the upper limit of normal, and adequate bone marrow function (i.e., hemoglobin ≥ 9 g/dL, platelet count > 125 000 cells per µ L, and white blood cell count > 3000 cells per µ L). Patients were required to abstain from chronic use of NSAIDs or other COX-2 inhibitors while on study, except for the use of low cardioprotective doses (<100 mg/day) of aspirin for up to 30 days after they were randomly assigned to treatment. Patients were required to abstain from regular corticosteroid use by any route of administration.
Exclusion criteria included current use of anticoagulants, previous surgery to the esophagus or stomach within 3 months before random assignment, presence of refl ux esophagitis of grades 2 -4, history of active infl ammatory bowel disease, history or confi rmed diagnosis of invasive esophageal carcinoma, history of complete mucosal resection or ablation for Barrett's esophagus by any technique, and diagnosis of esophageal, gastric, or duodenal ulcers that were at least 1 cm in diameter within 30 days before random assignment to treatment. All patients signed informed consent forms that were approved by each clinic's Institutional Review Board at the time of screening and registration into CBET. When the patient was eligible for random assignment to treatment, he or she reaffi rmed his or her consent at that visit.
Study Design
Details of the study design have been published elsewhere ( 17 ) . In brief, patients were stratified by clinic and grade of dysplasia that was determined at baseline endoscopy. Patients who did not have a pathologically confirmed diagnosis of low-or high-grade dysplasia were not eligible but, when warranted, were reconsidered for study eligibility at their next regular follow-up visit. When the diagnosis of dysplasia was confirmed, patients were randomly assigned to treatment with 200 mg of celecoxib orally twice a day or placebo orally twice a day (in 1 : 1 treatment assignment ratio). Duration of treatment was at least 48 weeks and at the most 2 years. The primary endpoint was the change from baseline to 48 weeks of treatment in the proportion of biopsy samples with dysplasia between the celecoxib and placebo arms. Celecoxib and placebo pills, both identical in appearance, were provided by Pfizer (New York, NY ).
Upper Endoscopic Procedure
Expert study gastroenterologists performed baseline and follow-up endoscopic examinations at 3-month intervals for patients with high-grade dysplasia or 6-month intervals for patients with lowgrade dysplasia. A rigorous and detailed endoscopic procedure was performed and documented by use of video-recording equipment, digital photography, and data forms ( 18 ) . At each centimeter along the length of the Barrett's esophagus, still photographs were obtained beginning at the gastroesophageal junction and ending at the most proximal level of the columnar mucosa (for quantitative endoscopy measurements). The length and type (i.e., circumferential, tongues, or islands of columnar epithelium) of the Barrett's mucosa were noted. The presence of reflux esophagitis was graded according to the Savary -Miller classification system ( 19 ) . Biopsy specimens were obtained with large-particle, "jumbo" biopsy forceps
CONTEXT AND CAVEATS
Prior knowledge
Aspirin and nonsteroidal anti-inflammatory drugs, such as celecoxib, may decrease the risk of developing esophageal cancer.
Study design
Phase IIb multicenter randomized placebo-controlled trial of celecoxib in patients with Barrett's esophagus and low-or high-grade dysplasia.
Contribution
Celecoxib (200 mg) taken twice daily for 48 weeks does not appear to prevent progression of Barrett's dysplasia to cancer.
Implications
At low doses, celecoxib is not a good chemopreventive agent for esophageal cancer.
Limitations
The 200-mg dose of celecoxib twice daily may have been too low to have an effect. Intra-and interobserver agreement on grading of dyplasia was low, and the natural reversion of dysplasia without intervention was more likely to occur among patients with lowthan with high-grade dysplasia.
(Olympus America, Melville, NY) to optimize mucosal sample size for pathologic interpretation ( 18 ) . Biopsy specimens were first obtained from a visible lesion within the Barrett's esophagus, such as a nodule, ulcer, or plaque, and then four-quadrant biopsy specimens were systematically obtained at least every 1 -2 cm in the appropriate areas of the Barrett's esophagus, depending on the highest grade of dysplasia. At a previously confirmed area of dysplasia as identified by the distance from the incisors down to the area of known dysplasia in the esophagus, additional biopsy samples were obtained and snap frozen in liquid nitrogen for correlative biomarker studies ( 18 ) . Similarly, if there was another previously identified area of dysplasia or suspicious area at a different level in the esophagus, additional biopsy samples were obtained for pathologic examination and biomarker studies. The additional biopsy specimens were obtained from visible lesions or at the area immediately adjacent to the sample obtained for pathologic examination. Biopsy specimens were also obtained from the distal esophagus and stomach to assess for active Helicobacter pylori infection. Biopsy specimens were placed in formalin or immediately snap frozen at the time of the endoscopy examination and then sent to and stored at the central specimen repository. Treatment of patients who were positive for H. pylori was left to the discretion of the gastroenterologist. The treatment regimen used was recorded as concomitant medications.
Histologic Evaluation
Initial eligibility determination and stratification for treatment assignment was based on the histology reading from the central pathologist. However, because of concerns regarding intra-and interobserver variability, eligibility determination and stratification for treatment assignment were later modified to require the agreement of two pathologists. The first histology reading was done centrally at the Department of Pathology, Johns Hopkins School of Medicine. The second histology reading of the same specimens was done at the patient's local institution. If there was discordance in the two readings, then a third histology reading was obtained from another CBET institution. The final histologic diagnosis was based on consensus agreement among the CBET pathologists.
The study pathologists who performed the readings (E. Montgomery, G. Chejfec, G. Cortina, H. Rotterdam, L. J. Burgart, S. Hackett, T. Wu, J. Wasman) were all experts in the fi eld of Barrett's esophagus. Moreover, the pathologists were masked to each other's diagnoses.
Study Follow-up
Information about concomitant medications, laboratory studies, treatment compliance, and adverse events was obtained at the follow-up visits scheduled every 12 weeks for all patients on study. Patients with low-grade dysplasia at baseline underwent an upper endoscopy examination every 6 months. Patients with high-grade dysplasia at baseline underwent an upper endoscopy examination every 3 months. Adverse events were graded in accordance with the Common Toxicity Criteria of the National Cancer Institute (version 2.0). ( http://ctep.info.nih.gov/reporting/ctc_archive.html ).
All patients and study investigators remained masked until data collection was completed, unless the information was required for appropriate medical treatment. Study treatment could be terminated for several reasons, including development of a grade 3 or higher adverse event that, in the opinion of the study physician, was related to celecoxib treatment; development of adenocarcinoma of the esophagus or other invasive cancers; patient request; or other chronic NSAID use for longer than 2 weeks during study. Study follow-up continued even for patients whose treatment was discontinued.
Study Monitoring
A Treatment Effects Monitoring Committee (TEMC) was formed with independent experts in the fields of oncology, gastroenterology, pathology, and biostatistics to monitor the treatment effects of CBET. The TEMC was responsible for monitoring adverse events and for making recommendations to study sponsors regarding continuation of the study. The TEMC was not masked.
Quantitative Endoscopy
The surface area of Barrett's esophagus was measured with quantitative endoscopy by use of an enhanced computer image analysis system, as described ( 20 , 21 ) . The system (US Patent 7, 011, 625) transformed photographs of Barrett's esophagus into two-dimensional maps, and the surface area of Barrett's esophagus was calculated from the reconstructed images. This enhanced computer image analysis system is not yet commercially available, but it is in development through Millennium Marketing Group (Overland Park, KS). Digitized images taken during the upper endoscopy procedure were used to calculate surface area of lesions. The expert study investigator (A. O. Shar) analyzing all digitized images was masked to the patient's treatment assignment. Standard procedure guidelines for imaging were used by all study gastroenterologists. Videoendoscopic images of the Barrett's mucosa were obtained every 1 cm from the gastroesophageal junction to the squamocolumnar junction with the lumen centered. Quantitative endoscopy was performed at baseline, 6 months, 1 year, and then yearly, for up to 3 years. All images digitization and area calculation took place at the Quantitative Endoscopy Center.
Assay for Cyclooxygenase-1 and -2 mRNA Jumbo biopsy specimens obtained with a 9-mm open-span biopsy forceps obtained during baseline and 6-month follow-up endoscopic examinations from the first 40 patients were snap frozen and immediately sent to one expert study investigator (A. J. Dannenberg) for evaluation of COX-1 and -2 mRNA. Quantitative reverse transcription -polymerase chain reaction (PCR) of COX-1 and -2 mRNA was as previously described ( 22 ) . Briefly, total RNA was isolated with RNeasy Mini kits from Qiagen (Santa Clarita, CA). Reverse transcription was performed with 5 µ g of total RNA per 100-µ L reaction mixture. Each PCR was carried out in 25 µ L of a reaction mixture, containing 10 mM Tris -HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , all four deoxynucleotide triphosphates (each at 0.2 mM), 2.5 U of AmpliTaq DNA polymerase, and 400 nM primers for COX-2 or -1 (COX-2 sense primer 5 ′ -GGTCTGGTGCCTGGTCTGATGATG-3 ′ , COX-2 antisense primer 5 ′ -GTCCTTTCAAGGAGAATGGTGC-3′; COX-1 sense primer 5 ′ -TGCCCAGCTCCTGGCCCGCCGCTT-3′; COX-1 antisense primer 5 ′ -GTGCATCAACACAGGCGCCTCTTC-3′). Ten-microliter aliquots of the reverse-transcribed cDNA samples and various known amounts of COX-2 or -1 mimic (between 0.001 and 0.05 pg), adjusted to the abundance of the target cDNA, were added to the reaction mixture and coamplified for 35 cycles of denaturation at 94 °C for 20 seconds, annealing at 65 °C for 20 seconds, and extension at 72 °C for 60 seconds, followed by a final extension at 72 °C for 10 minutes. PCR products (25 µ L) were then separated by electrophoresis on 1% agarose gels and visualized by ethidium bromide staining. A computer densitometer (Chem Doc; Bio-Rad Laboratories, Hercules, CA) was used to quantify the density of the bands.
Assay for Prostaglandins
Jumbo biopsy specimens obtained with a 9-mm open-span biopsy forceps obtained at baseline, 6 months, 12 months, and yearly up to 24 months were snap frozen and sent to one expert study investigator (V. W. Yang) for evaluation of prostaglandins. Prostaglandins PGD 2 , PGE 2 , PGF 2 ␣ , thromboxane B 2 , and 6-keto-PGF 1 ␣ were measured by gas chromatography -mass spectrometry as described elsewhere ( 23 ) . Briefly, specimens were thawed on ice and manually homogenized in a glass microhomogenizer in 50 µ L of a solution containing 138 mM NaCl, 5 mM KCl, 4 mM NaHCO 3 , 5.6 mM d -glucose, 0.3 mM Na 2 HPO 4 , and 0.3 mM KH 2 PO 4 containing 1 mM CaCl 2 and then transferred to a microcentrifuge tube. An additional 60 µ L of the same solution was used to rinse the homogenizer, and this rinse solution was added to the initial homogenate. The combined solution was then sonicated for 20 seconds with a Fisher Scientific Model 550 Sonic Dismembrator with a microtip probe. After sonication, tissue debris was removed by microcentrifugation at 12 000 g for 15 seconds. Ten microliters of the supernatant was removed for determination of protein. The remaining supernatant was divided into 25-µ L aliquots, which were then incubated at 37 °C for 30 minutes in the absence or presence of 10 µM arachidonic acid (Sigma, St. Louis, MO). The addition of arachidonic acid to the specimens has been shown to stimulate the in vitro synthesis of prostaglandins and hence further increase the sensitivity of detection (23) . After this incubation, 25 µ L of deuterated prostaglandin standards and 125 µ L of acetone were added to each reaction mixture, and the combined solution was dried under a steady stream of nitrogen gas. As soon as the specimen was dried, 25 µ L of 2% O -methoxylamine in pyridine was added to each sample. The samples were stored at − 20 °C until prostagland ins were quantified by gas chromatography -mass spectrometry. Prostaglandin levels were determined with a Fijnnagan MATSSQ771 gas chromatograph -mass spectrometer (Fijnnagan MAT, San Jose, CA). The level of each prostaglandin was determined from deuterated prostaglandin internal standards that were included in each reaction. All prostaglandin levels were normalized to the amount of protein in the sample.
Methylation Assay for p16, Adenomatous Polyposis Coli, and E-cadherin Genes
Formalin-fixed slides obtained at baseline and 12 months were sent to an expert study investigator for evaluation (J. G. Herman). Methylation status of genes for tumor suppressor p16, adenomatous polyposis coli (APC), and E-cadherin were measured by use of a nested PCR, as described previously ( 24 ) . Samples were deparaffinized with xylene, and then DNA was extracted by proteinase K digestion overnight, followed by DNA phenolchloroform extraction and ethanol extraction as described ( 24 ) . Genomic DNA was diluted in 50 µ L of water. Sodium bisulfite converts unmethylated cytosine to uracil when DNA is denatured, but methylated cytosines are resistant. Bisulfite treatment was carried out for 16 hours at 50 °C as previously described ( 24 ) . DNA samples were then purified with the Wizard DNA CleanUp System (Promega, Madison, WI) and desulfonated with NaOH. Samples were ethanol precipitated and resuspended in 20 µ L of water. The bisulfite-modified DNA was subjected to a first-stage, multiplex PCR incorporating external primer sets for p16, APC, and CDH1. Each multiplex PCR was carried out in a total volume of 25 µ L containing 0.5 U Jump Start Red Taq DNA polymerase (Sigma, St Louis, MO), 10 pmol of each external primer, and 4 µ L of bisulfite-modified DNA. The external primer sequences used for the multiplex PCR are described elsewhere ( 24 ) . PCR conditions included an initial denaturation at 95 °C for 5 minutes followed by amplification for 35 cycles (95 °C for 30 seconds, 56 °C for 30 seconds, and 72 °C for 30 seconds), and a final elongation at 72 °C for 5 minutes. Methylation-specific PCR was performed as previously described ( 24 ) . Multiplex PCR products were diluted 1 : 1000, and 4 µ L of this dilution was added to a second-stage PCR mixture with internal primers to discriminate methylated from unmethylated templates as described ( 24 ) . Methylation-specific PCR products were analyzed on 6% polyacrylamide gels.
Statistical Analysis
The primary outcome was the change from baseline to 48 weeks of treatment in the proportion of biopsy samples exhibiting dysplasia between the two treatment arms. The secondary outcomes included changes from baseline to 48 weeks of treatment in the following parameters: the highest grade of dysplasia, the extent of high-grade dysplasia, the extent of low-grade dysplasia, and the surface area affected by Barrett's esophagus (as measured by quantitative endoscopy). The tertiary outcomes included changes from baseline to 48 weeks of treatment in the levels of the following biomarkers: COX-1 and -2 mRNA; prostaglandins PGD 2 , PGE 2 , PGF 2 ␣ , thromboxane B 2 , and 6-keto-PGF 1 ␣ ; and methylation of tumor suppressor genes p16, APC, and E-cadherin. These markers were selected because of their association with the COX pathway and/or the biology of Barrett's esophagus.
The study was designed with a sample size of 200 patients to provide 90% power to detect a difference of 0.5 standard deviation in change from baseline in the proportion of biopsy samples exhibiting dysplasia. Because of slower than anticipated accrual, target enrollment was adjusted to 124 patients to provide 80% power. Randomization was accomplished by use of a documented generation scheme that provided a reproducible order of assignments with an expected yield of 1 : 1 randomization. All analyses among the randomized groups were based on the intentionto-treat principle. Because patients contributed various numbers of biopsy samples each of which could be dysplastic, binomial regression with robust variance estimation to account for withinpatient clustering was used to assess treatment group differences in proportion of biopsy samples with dysplasia or cancer at 48 weeks, after adjusting for proportion of biopsy samples with dysplasia at baseline ( 25 ) . Treatment group differences in changes after 48 weeks of treatment in both highest grade of pathology and number of biopsy samples with dysplasia or cancer were obtained by use of ordered logistic regression ( 26 ) . For all other outcomes, treatment group differences were assessed by use of the Wilcoxon rank sum test for continuous outcomes or Fisher's exact test for categorical outcomes ( 27 ) . All P values were from twosided tests and were nominal. Analyses were performed with SAS version 8.0 ( 28 ) .
Results
Demographic Characteristics
From April 1, 2000 , through June 30, 2003 , a total of 222 patients were registered into CBET. Of the 222, 100 patients were randomly assigned to treatment (49 to celecoxib and 51 to placebo). Reasons for ineligibility at registration included discovery of esophageal cancer in 15 patients, lack of dysplasia in 83 patients, prescribed treatment in seven patients, abnormal laboratory values in four patients, and various other reasons among 13 patients. Of the remaining 100 patients, 18 patients did not have evaluable data either because of death, dropout, or missing data. The patients who were randomly assigned into CBET were primarily white, non-Hispanic males with a median age of 67 years. Baseline demographic characteristics were similar in the two groups, except for smoking history -73% of patients in the celecoxib arm were never smokers compared with 55% of those in the placebo arm ( P = .01), and approximately 40% in the placebo arm were former smokers compared with 14% in the celecoxib arm ( Table 1 ) . Approximately 80% of patients were overweight (body mass index = 25.0 -29.9 kg/m 2 ) or obese (body mass index ≥ 30.0 kg/m 2 ). Ninety-four percent of patients had excellent performance status. H. pylori was rare in this patient population (only one patient in each treatment arm was positive for H. pylori ). Approximately 90% of patients were taking proton pump inhibitors to inhibit acid refl ux, and 33% of patients were taking cardioprotective doses of aspirin of less than 100 mg/day. Ninety-eight percent of patients had no evidence of refl ux esophagitis.
The type of Barrett's esophagus was primarily circumferential with presence of tongue-like extensions of columnar mucosa from the gastroesophageal junction in 62 patients. Fewer than 20% of patients had short-segment Barrett's esophagus, defi ned as an area suffi cient for biopsy procedures to be followed without resulting in complete resection of the dysplasia. The median proximal level of Barrett's esophagus was 32 cm (interquartile range [IQR] = 24 to 40 cm). Sixty-four (64%) of the 100 patients were stratifi ed into the low-grade stratum, and 36 (36%) were stratifi ed into the high-grade stratum. There were no differences between treatment arms in the number of biopsy samples per patient at baseline or at 48 weeks. The median number of biopsy samples per patient at baseline was 20 (range = 3 -58) for the celecoxib arm and was 20 (range = 5 -47) for the placebo arm ( P = .71). At 48 weeks, these values were 17 (range = 2 -37) for the celecoxib arm and 16 (range = 1 -43) for the placebo arm ( P = .89).
Primary Outcome
The primary outcome was the change from baseline to 48 weeks (the active treatment period) in the proportion of biopsy samples exhibiting dysplasia between celecoxib (0.19, IQR = − 0.09 to 0.47) and placebo (0.15, IQR = 0.03 to 0.27) arms. At baseline, the median proportion of biopsy samples was the same regardless of treatment assignment or grade of dysplasia. The median change after 48 weeks of treatment in the proportion of biopsy samples with dysplasia in the celecoxib arm was − 0.08 (IQR = − 0.39 to 0.24) and in the placebo arm was − 0.06 (IQR = − 0.34 to 0.22) ( P = .84) ( Table 2 ). In the high-grade stratum, the median change in the celecoxib arm was 0.12 (IQR = − 0.31 to 0.55) and in the placebo arm was 0.02 (IQR = − 0.24 to 0.28) ( P = .88). In the low-grade stratum, the median change in the celecoxib arm was − 0.09 (IQR = − 0.32 to 0.14) and in the placebo arm was − 0.07 (IQR = − 0.26 to 0.12) ( P = .64). Changes were calculated by subtracting the baseline value from the value at 48 weeks. Six patients with high-grade dysplasia (three assigned to celecoxib and three assigned to placebo) had missing data at their 48-week visit but had been diagnosed with esophageal adenocarcinoma before this visit (i.e., informative missing data). Missing data for these patients were imputed with data from their most recent follow-up visit before the 48-week visit. For the change in highest grade of pathology, these six patients were imputed into the increase grade category. The effects of celecoxib and placebo on the proportion of biopsy samples with dysplasia were essentially identical and null.
Secondary Outcomes
Secondary outcome measures included change from baseline to 48 weeks of treatment in the following parameters: the highest grade of dysplasia, the extent of high-grade dysplasia, the extent of lowgrade dysplasia, and the surface area affected by Barrett's esophagus (as measured by quantitative endoscopy). No change or a decrease in the highest grade of dysplasia after 48 weeks of treatment was observed in 37 of the 43 patients in the treatment arm (86%, 95% CI = 72% to 95%) and in 33 of the 39 patients in the placebo arm (84%, 95% CI = 69% to 94%) ( Table 2 ) . We observed a decrease in the highest grade of dysplasia in 13 of the 27 patients in the lowgrade stratum of the celecoxib arm (48%, 95% CI = 29% to 68%); however, the changes were not statistically significantly different between the celecoxib and placebo arms ( P = .82). Three of the 16 patients assigned to the celecoxib arm (19%, 95% CI = 4% to 46%) and three of the 12 patients assigned to the placebo arm (25%, 95% CI = 5% to 57%) in the high-grade stratum had an increase in the highest grade of dysplasia, but these results were not statistically significant ( P = .42).
We also found no change after 48 weeks of treatment in the number of biopsy samples with dysplasia or cancer with respect to the treatment assignment ( P = .81) ( Table 2 ) ; however, the median number of biopsy samples with dysplasia at baseline was small (four in the celecoxib arm and three in the placebo arm). There were no differences between the treatment arms with respect to change in the number of biopsy samples with dysplasia or cancer, either overall or by stratum.
Total surface area affected by Barrett's esophagus was measured by a quantitative endoscopic examination at baseline and 48 weeks of treatment ( Table 2 ) . No statistically signifi cant differences in the median change of total surface area affected by Barrett's esophagus were found after 48 weeks of treatment with respect to treatment assignment and grade of dysplasia ( P = .12). Figure 1 illustrates an example of high-grade dysplasia as measured by quantitative endoscopy at baseline and 48 weeks.
Tertiary Outcomes
The tertiary outcomes included changes from baseline to 48 weeks of treatment in the levels of the following biomarkers: COX-1 and -2 mRNA; prostaglandins PGD 2 , PGE 2 , PGF 2 ␣ , thromboxane B 2 , and 6-keto-PGF 1 ␣ ; and methylation of tumor suppressor genes p16, APC, and E-cadherin. Paired tissue samples were available from 15 patients of the original 40 patients and were assayed for COX-1 and -2 mRNA levels ( Table 3 ) . At baseline, median levels of COX-2 mRNA were similar in samples from patients with high-grade dysplasia (16 patients) and in patients with low-grade dysplasia (36 patients); however, the number of samples in the high-grade dysplasia stratum was very small. No change in median level of COX-2 mRNA was observed after 24 weeks of treatment in the low-grade stratum ( P = .08) or in the high-grade stratum ( P = .75). Similar patterns were found for COX-1 mRNA.
No statistically signifi cant difference was found in the levels of prostaglandins PGD 2 , PGE 2 , PGF 2 ␣ , thromboxane B 2 , or 6-keto-PGF 1 ␣ between the two treatment groups at baseline ( Table 3 ) or in the median change of these levels after 6 months of treatment, regardless of treatment assignment and grade of dysplasia. At baseline, levels of PGD 2 , PGE 2 , PGF 2 ␣ , and thromboxane B 2 were lower in patients who were taking aspirin than in those who were not taking aspirin. However, we could identify no effect of confounding or modifi cation associated with aspirin use at baseline on treatment group comparisons with respect to any change in the levels of prostaglandins in biopsy samples with dysplasia.
We examined promoter region methylation to determine whether these non -COX-2 pathway markers were affected during this trial. At baseline, methylation of p16, APC, and E-cadherin was frequent, and higher frequencies of DNA methylation were observed in high-versus low-grade dysplasia ( Table 4 ) . Paired baseline and posttreatment samples were available from 22 patients for comparison with methylation of all three genes. Among the 10 celecoxib-treated patients, six had no change in methylation of any of the three genes examined, two had a gain .12 * Changes were calculated by subtracting the baseline value from the value at 48 weeks. Data for six patients (all in the high-grade stratum; three assigned to celecoxib and three assigned to placebo) who had missing data at their 48-week visit but were diagnosed with esophageal adenocarcinoma before their 48-week visit were imputed with information from their most recent follow-up visit before the 48-week visit.
For change in number of biopsy samples with dysplasia or cancer, data from these six patients were imputed to the patients increase category. Central reading or adjudicated reading if disagreement with local reading in highest grade of pathology was used; 28% of celecoxib specimens and 33% of placebo specimens had adjudicated readings at the 48-week visit. IQR = interquartile range; CI = confidence interval. † P values for proportion of biopsy samples with dysplasia at baseline were obtained by use of binomial regression with robust variance estimation due to within-patient clustering. P values for change in proportion of biopsy samples with dysplasia or cancer also used binomial regression with robust variance estimation modeling the follow-up value adjusted for the baseline value. P values for change in grade and change in number of samples with dysplasia or cancer were obtained by use of ordered logistic regression. P values for the number of biopsy samples with dysplasia at baseline, total surface area at baseline, and change in total surface area were obtained by use of the Wilcoxon rank sum test. All statistical tests were two-sided. ‡ Number of participants: in the low-grade stratum, 27 from celecoxib arm and 27 from placebo arm; in high-grade stratum, 16 from celecoxib arm and 12 from placebo arm; in combined, 43 from celecoxib arm and 39 from placebo arm. § Number of participants: in low-grade stratum, 20 from the celecoxib arm and 22 from the placebo arm; in high-grade stratum, 11 from celecoxib arm and five from placebo arm; in combined, 31 from celecoxib arm and 27 from placebo arm.
in methylation for one gene, and two had a loss of methylation in one gene. Among the 12 placebo-treated patients, six had no change in the methylation in any gene, three had a gain in methylation of one gene, and another three had a loss of methylation in one gene. Thus, no net change in methylation in either celecoxib or placebo group was observed, and overall 56 of the 66 paired methylation analyses were stable during the 48-week treatment. These results suggest that, although promoter region methylation of these genes may be a molecular marker of histologic progression, the difference in methylation between arms was not statistically signifi cant.
Follow-up, Treatment Termination, and Adverse Events
Rigorous follow-up and adverse event monitoring were conducted throughout the study. The median follow-up was 2.0 years in both treatment arms ( Table 5 ). The percent of scheduled follow-up visits completed was higher in the low-grade stratum than in the high-grade stratum. Reasons for decreased follow-up visits among the 36 patients in the high-grade stratum include diagnosis of esophageal cancer before the 48-week follow-up visit in six patients; patient requests in two; and diagnoses of deep venous thrombosis in one, acute pancreatitis in one, mitral valve prolapse in one, and vertigo in one. Overall, no statistically signifi cant difference in adverse events of grades 3 and 4 was observed between the two treatment arms ( Table 6 ). Cardiovascular toxic effects of grades 3 and 4 were experienced by six patients in the placebo arm and three patients in the celecoxib arm. The toxic effects experienced by patients assigned to the celecoxib arm included hospitalization for inferior wall myocardial infarction after 16 months of treatment, urinary tract bleeding after 6 months of treatment, and development of shortness of breath and fl uid retention after 4 months of treatment. Similar numbers of gastrointestinal toxic effects occurred in both treatment arms.
Thirteen (27%, 95% CI = 15% to 41%) of the 49 patients in the celecoxib arm and 13 (25%, 95% CI = 14% to 40%) of the 51 patients in the placebo arm terminated treatment early. Reasons for early termination of treatment included development of esophageal cancer in six patients, death in two, adverse events other than death in nine, patient request in four, and other reasons in three. All six patients whose endoscopic biopsy specimen was diagnosed as cancer were in the high-grade dysplasia stratum (three in the celecoxib arm and three in the placebo arm). Among these six patients, one was treated with photodynamic therapy, one was treated with the yttrium aluminum garnet laser, and four patients underwent esophagectomy [two of the four patients were diagnosed with high-grade dysplasia, and two were diagnosed with esophageal cancer -one with TisN0Mx and the other with T2N0Mx stage cancer ( 29 )]. Two patients in the placebo arm of the low-grade stratum died (one from postoperative myocardial infarction after popliteal artery aneurysm surgery and one from postoperative pulmonary embolism after lobectomy for lung cancer). Because both patients were in the placebo arm, their deaths were deemed unrelated to treatment.
Discussion
Administration of 200 mg of celecoxib or placebo twice daily for 48 weeks of treatment did not change the proportion of biopsy samples diagnosed with dysplasia or cancer among patients with Barrett's dysplasia. During the first year of treatment 36 (44%) of the 82 patients experienced no change in their highest grade of dysplasia. Approximately 50% of patients in the low-grade stratum and 25% of patients in the high-grade stratum, regardless of treatment assignment, experienced a decrease in the highest grade of dysplasia. This decreased percentage of patients in the highest grade of dysplasia without additional treatment underscores the difficulties in tissue biopsy sampling, our lack of understanding of * Changes were calculated by subtracting the baseline value from the value at 24 weeks. Arachidonic acid was included in the prostaglandin assays to enhance the sensitivity of detection (23; see "Patients and Methods") . COX = cyclooxygenase; PG = prostaglandin; IQR = interquartile range. † Derived from two-sided Wilcoxon rank sum test. ‡ Changes were calculated by subtracting the baseline value from the value at 24 weeks for 15 pairs in which the tissue biopsy sample that was used for COX expression analysis was from the area adjacent to the highest grade of dysplasia at both baseline and 24-week biopsy examinations.
the natural history of Barrett's esophagus, and the variability of histologic diagnosis ( 30 -32 ) . This study has several limitations. The diffi culty in tissue biopsy sampling can be demonstrated by the 122 CBET patients who were registered but were not randomly assigned to treatment. Most of these registered patients had a preregistration histologic diagnosis of dysplasia, but they did not have evidence of dysplasia at the time of their baseline endoscopy. Despite the intensive || Includes use of protocol-denied photodynamic therapy, comorbidity-requiring surgery, or allergic reaction to Bactrim.
endoscopic biopsy protocol, the area that was used to establish the initial preregistration diagnosis of dysplasia may not have been sampled. Among the 122 registered but not included patients, 83 patients were diagnosed as indefi nite for dysplasia. The intensive endoscopic biopsy protocol resulted in a new diagnosis of esophageal cancer for 15 registered patients. Tissue biopsy sampling, al though imperfect, is currently the best available method to assess the malignant potential of Barrett's esophagus. Another limitation is that natural reversion of dysplasia without any intervention was more likely to occur in patients with lowgrade dysplasia than with high-grade dysplasia. More patients in the high-grade stratum in the placebo arm (25%) experienced an increase in their highest grade of dysplasia than patients in the lowgrade stratum (11%). This observation further illustrates the clinical challenge posed for physicians in the management of patients with high-grade dysplasia.
A fi nal limitation is that dysplasia grading is an imperfect predictor of cancer because of the low intra-and interobserver agreement among pathologists ( 31 , 32 ) . The low degree of interobserver agreement in diagnosing low-grade dysplasia may contribute to histologic inconsistency of dysplasia. This inconsistency may create the false appearance of histologic reversion. Although the interobserver agreement in diagnosing high-grade dysplasia was much higher in our previous study (32) , it was not 100%. The CBET investigators sought to minimize this limitation by requiring a majority histologic diagnosis of dysplasia for entry into this study. This requirement increased the complexity of randomization process and had an impact on patient accrual, but it provided more confi dence in the histologic diagnosis.
Whether celecoxib treatment would alter the portion of the esophagus (i.e., the length of esophagus) affected by Barrett's esophagus was unknown. Because of the diffi culty in using centimeter markings on the upper endoscope to appropriately determine length of Barrett's esophagus, we measured the total surface area affected by Barrett's esophagus by use of a quantitative endoscopic examination. The median total surface area affected by Barrett's esophagus at baseline in patients with low-and high-grade dysplasia was similar. This result was expected because having a higher grade of dysplasia does not necessarily mean a larger total surface area of Barrett's esophagus. Treatment with celecoxib for 48 weeks, compared with placebo, did not change the total sur face area affected by Barrett's esophagus, regardless of grade.
Similarly, treatment with celecoxib for 24 weeks compared with placebo did not change the levels of COX-2 mRNA, PGD 2 , PGE 2 , PGF 2 ␣ , thromboxane B 2 , or 6-keto-PGF 1 ␣ , regardless of grade. This fi nding was unexpected. The samples obtained for biomarker studies were adjacent to tissue biopsies with histologic confi rmation of dysplasia. However, the samples for biomarker studies themselves had no histologic confi rmation of dysplasia. We recognize that Barrett's esophagus is multifocal and patchy in nature. So, it is possible, although unlikely, that the samples used for these biomarker assays were not dysplastic tissue. Additional studies that evaluate COX-2 expression by immunohistochemistry in dysplastic tissues appear to be warranted.
Although we found no changes in the levels of COX-2 mRNA, we did anticipate differences in the levels of prostaglandin be tween the two treatment arms based on the proposed mechanism of action of COX-2 inhibitors. The lack of differences in prostaglandin levels regardless of treatment arm or dysplasia grade in dicated that the celecoxib dose was probably inadequate. At the initiation of CBET, the 200-mg dose of celecoxib twice daily was selected because of concerns for safety and for tolerability in a trial of potentially long duration (up to 3 years). However, a 400-mg dose of celecoxib twice daily may be more biologically mean ingful ( 33 ) . As expected, tumor suppressor genes p16, APC, and E-cadherin were methylated in samples with low-or high-grade dysplasia. After the 48-week treatment with celecoxib or placebo, no statistically signifi cant change in methylation levels from baseline in either group was found, which is not surprising given the lack of histologic changes. Methylation of these three genes, or of any other hypermethylated locus, should not be directly affected by COX-2 inhibition; therefore, we cannot rule out the possibility that these genes are potential markers of molecular changes underlying the histologic changes associated with dysplasia. We have previously observed that histologic progression is associated with underlying progression in the number of hypermethylated loci in squamous cell carcinoma of the esophagus ( 24 ) . The higher rate of methylation of the genes for p16, APC, and E-cadherin in samples with highgrade dysplasia compared with samples with low-grade dysplasia, which we found in this study, support the possibility that hypermethylation of multiple loci may compliment histologic changes as a surrogate for disease progression and should be investigated in future studies.
The lack of a statistically signifi cant difference between the treatment groups that we observed was not due primarily to inadequate recruitment. The study was powered at 80% for a total of 124 patients overall. Only 100 patients were randomly assigned to treatment, and only 82 (43 in the celecoxib arm and 39 in the placebo arm) of the 100 patients contributed data to the comparison for the primary outcome. But because the effect size was -2% (i.e., an 8% decrease in the combined celecoxib group and a 6% decrease in the combined placebo group in the proportion of biopsy samples with dysplasia or cancer at 48 weeks), the addition of 42 patients would most likely not result in a statistically significant difference between celecoxib and placebo groups. The result is essentially null, i.e., an effect size of 0. More subjects will not make such a result statistically signifi cant. The apparent inability of celecoxib, compared with placebo, to decrease the percentage of samples with dysplasia is probably not due to the patient population. The characteristics of CBET patients, as anticipated, were typical of patients with Barrett's dysplasia: white males who were aged 60-70 years, who were overweight or obese, and who were taking antirefl ux medications (e.g., proton pump inhibitors or histamine H 2 -receptor antagonists). It is not unusual for patients with Barrett's esophagus to be on such medications because it was probably their symptoms of gastroesophageal refl ux disease that led them to undergo clinical evaluation for Barrett's esophagus. Whether the antirefl ux medications could be associated, either positively or negatively, with dysplasia modifi cation is unknown. Despite several studies, the association of antirefl ux medications with the reversion of low-or high-grade dysplasia in Barrett's esophagus remains unclear ( 34 -36 ) .
Although celecoxib treatment was associated with increased cardiovascular toxic effects in another trial ( 37 ), we found that patients in the placebo arm experienced more cardiovascular toxic effects than those in the celecoxib arm, although the total number of patients with such toxic effects was small. Another potential toxic effect was gastrointestinal adverse events, but such events were low and similar in both treatment arms. Thus, daily treatment with celecoxib (400 mg) for up to 2 years, compared with placebo, was reasonably well tolerated with few serious adverse events.
Sixty-four (64%) of 100 patients randomly assigned to treatment into CBET had low-grade dysplasia. Before study entry, patients with high-grade dysplasia were offered the standard-ofcare surgery and additional treatments, including photodynamic therapy and mucosal ablation. These patients were aware of other treatment options, refused surgery, and understood the risks associated with a placebo-controlled trial. Although patients with high-grade dysplasia had a 50% chance of being randomly assigned to the placebo arm, all patients with high-grade dysplasia remained under close surveillance, undergoing rigorous endoscopic biopsies every 3 months. Six patients in the high-grade stratum were diagnosed with esophageal adenocarcinoma through their endoscopic biopsy specimens within their fi rst year on study (three in the celecoxib arm and three in the placebo arm). Of the four patients who underwent esophagectomy, two patients were diagnosed with high-grade dysplasia with no evidence of invasive adenocarcinoma, and despite the initial diagnosis of esophageal cancer on the endoscopic biopsy specimen, there was no evidence of invasive cancer in the postresection specimen. The six patients diagnosed with esophageal cancer had Barrett's esophagus for periods of several months to 20 years. The variability in the clinical course of this disease underscores the management challenges posed by highgrade dysplasia, including the requirement for an upper endos copy examination every 3 months, the lack of predictive markers to determine risk of disease progression, and the diffi culties with sampling variation.
The lack of secondary chemoprevention with celecoxib in patients with Barrett's dysplasia was disappointing. However, CBET is one of the few prospective chemoprevention trials in patients with Barrett's dysplasia, and through it, we have gained valuable information about the disease process and the challenges of conducting such a study.
